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Genetic disorders, such as heterotaxy, first provided a link between cilia and developmental heart defects.
Now, a genetic screen in mice shows that ciliary dysfunction may indeed be the major contributing factor
in the etiology of congenital heart disease.Cilia protrude like antennae from the
apical surfaces of most vertebrate cells.
They are made up of a filamentous
microtubule core, the axoneme,
enveloped by the plasma membrane.
Some cilia have dynein arms anchored to
the axoneme and are motile, functioning
in fluid propulsion or cellular locomotion.
Others, the primary cilia devoid of dynein
arms, are immotile and are specialized in
sensing a variety of developmental and
physiological signals [1]. There has been a
rapid growth of interest in cilia biology
over the past decade or so, principally
due to the realization that dysfunctional
cilia can lead to a large number of human
genetic as well as physiological disorders
[2]. Yet, in reality, cilia and human disease
have an ancient association. Anatomists
in the mid 1700s, such as Meckel the
Elder and Mathew Baillie, describedcadavers with situs inverus, a condition
in which the disposition of the heart
and other visceral organs are switched
to the wrong side. Two centuries later,
Kartagener and Siewert recognized
this anomaly as a human syndrome
(now called ‘Kartagener syndrome’) that
co-segregates in many patients with a
mucociliary clearance disorder of the
airways [3,4]. Although seminal electron
microscopic studies published in the
1970s established that defective airway
motile cilia cause the respiratory
symptoms in Kartagener syndrome
patients [5,6], the connection between
cilia and organ situs continues to remain
an active area of investigation. Now, a
new study shows that cilia and
morphogenesis of visceral organs,
notably the heart, are indeed very
intimately associated [7].Work with model vertebrates has led to
the view that directional fluid flow driven
by motile cilia within an embryonic
structure called the ‘organ of laterality’
(the ventral node in the mouse, the
gastrocoel roof plate in Xenopus and
Kupffer’s vesicle in teleost fishes) is a key
event in the asymmetric morphogenesis
of visceral organs [8]. In the mouse
embryo, fluid flowwithin the node cavity is
sensed by immotile cilia at the node
periphery. This signal is transmitted to the
left lateral plate mesoderm, where
activation of the Nodal signaling pathway
instructs asymmetric development [8].
Abnormalities in the differentiation and
function of cilia within the organ of
laterality disrupt the Nodal pathway,
which leads to abnormalities in organ
situs. Consistent with these studies,
genetic evaluation of patients afflicted2015 Elsevier Ltd All rights reserved R559
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Figure 1. 3D rendered newborn mouse heart exhibiting congenital heart defects comprising
outflow tract.
(A) Normal newbornmouse heart with four chambers comprising two atria (right atrium: RA, left atrium: LA)
and two ventricles (right ventricle: RV, left ventricle: LV) with the aorta (Ao) connected to the LV. Ctrl:
control. (B) Mouse mutant exhibiting outflow tract malalignment defect with both the aorta and
pulmonary artery connected to the RV, a defect known as double outlet right ventricle (DORV). This is
associated with a subaortic ventricular septal defect (arrowhead). (C) A mutant exhibiting aorta with
abnormal anterior placement and insertion into the RV rather then LV, and abnormal pulmonary artery
(PA) insertion into the LV rather than RV, a congenital heart defect known as transposition of the great
arteries (TGA). (D) A mouse mutant exhibiting complete failure of the outflow tract to septate with only a
single outflow that is inserted into the RV, a congenital heart defect known as persistent truncus
arteriosus (PTA). Scale bars = 0.5 mm. Images courtesy of G. Gabriel and C.W. Lo.
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heterotaxy has led to the discovery of
mutations in many ciliary genes [4].
Despite appearing dramatic, situs
inversus is a benign condition as all the
organ systems can function normally.
The real problem arises in situations of
heterotaxy, where situs reversal is
incomplete and the organs are
randomized within the body cavity.
For instance, some of the most complex
congenital heart diseases are observed
when left-right patterning of the great
vessels and chambers of the heart are
discordant. As congenital heart disease
has a strong genetic basis, uncovering
the extent of the genetic predispositionR560 Current Biology 25, R549–R568, June 2and the kinds of genes involved will be
of great biomedical relevance.
Keeping this in mind, Cecilia Lo and
colleagues [7] report a large-scale
forward genetic screen for mutations in
genes affecting heart development in
mice. The authors screened a staggering
87,355 G3 fetuses from 2651 mutant lines
to recover 218 with congenital heart
disease. Some of the congenital heart
disease phenotypes observed included
outflow tract anomalies, such as double
outlet right ventricle, transposition of the
great arteries and persistent truncus
arteriosus, as well as valvular defects,
such as atrioventricular septal defects
(Figure 1). Surprisingly, one of the most9, 2015 ª2015 Elsevier Ltd All rights reservedprevalent phenotypes observed was
complex congenital heart disease
associated with heterotaxy. These
findings are entirely consistent with the
phenotypic spectrum reported in clinical
data on congenital heart disease in the
human fetal population [9,10].
Next, Lo and colleagues [7] identified
pathogenic mutations in 61 genes; of
these, 27 genes are entirely novel and
have not been associated with congenital
heart disease before. The excitement of
forward genetic screens is the
anticipation of the kinds of genes that will
be discovered. Despite the unbiased
nature of the phenotype-based screen,
strikingly, the majority of the genes they
isolated, 34 in total, are part of the
‘ciliome’ — a repository of structural
and functional components of cilia.
This includes a host of proteins required
for the motility of motile cilia, including
the transcriptional regulator Foxj1,
which functions as the master regulator
of motile cilia differentiation [11]. The
implication is that the motile cilia in the
node are defective in mutants for these
genes (Figure 2). Although the authors
have looked at motility of tracheal cilia
(a more accessible tissue) to gauge the
effects of the mutations on nodal cilia
motility, a caveat is that a gene can have
differential function in different kinds of
cilia [12]. Of note, almost all of the motile
cilia genes discovered in the screen
overlap with a recently compiled list of
Foxj1 targets [13], underscoring the
central role of this transcription factor in
organizing the motile ciliogenic program.
The remainder of the genes encode
proteins which function in motile as well
as primary cilia, such as the intraflagellar
transport members Ift140 and Ift74, or
those that are involved in sensory
capabilities of the primary cilia, such the
polycystic kidney disease protein Pkd1
and its paralogue Pkd1l1. Pkd1l1 has
been shown to be required for left–right
determination in mice and the medaka
fish by functioning together with the Ca2+
permeable cation channel PKD2 in
sensing nodal flow [14,15].
Besides the obvious ciliary genes
and genes involved in ciliary signaling,
10 of the congenital heart disease
genes have a role in vesicular trafficking.
It is well established that vesicular
trafficking plays a vital role in ciliogenesis
and cilia-associated cell signaling
Figure 2. Motile and primary cilia in the mouse embryo.
(A) Schematic representation of the mouse embryonic node, showing motile (red) and immotile sensory
cilia (green). (B) Immunostaining with antibodies to acetylated tubulin (red) and gamma-tubulin (blue)
was used to visualize cilia in E7.75 mouse embryonic node. (C, D) Antibodies to acetylated tubulin (red)
and IFT88 (green) were used to visualize nonmotile primary cilia in the myocardium (C) and outflow tract
cushion (D) in E12.5 mouse embryonic heart. Images B–D courtesy of G. Gabriel, G. Pazour and C.W. Lo.
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involved in endocytosis, displayed
laterality defects but with normal airway
and nodal cilia motility. A defect in the
differentiation of primary cilia was
observed in mutant MEFs grown in
culture, suggesting the laterality issues
could arise from abnormalities in the
sensory cilia of the node. However, one
must be careful with this interpretation
as ciliary differentiation is cell type and
context dependent.
Inspired by the fact that many of the
proteins encoded by the congenital heart
disease genes interact physically or form
complexes with each other, the authors
reexamined the 113 exomes with the
notion that there could be a genomic
context for congenital heart disease
development. Indeed, they found
58 additional incidental mutations in
32 of the congenital heart disease genes.
Finally, they assembled an interactome
of the congenital heart disease proteins
in silico and found an interaction network
of 778 proteins, with congenital heart
disease genes showing a statistically
significant closer clustering compared to
random genes. Of course, predicted
interactions must await experimental
validation. The interactome was markedly
enriched for gene ontology terms
pertaining to development (including
heart development, endocytosis, and a
number of signaling pathways), and as
might be expected, also a preponderance
of cilia-related gene ontology terms was
observed, such as ‘‘ciliary or flagellar
motility’’ and ‘‘cilium morphogenesis’’.
Even though congenital heart disease is
among the most prevalent of human birth
defects, the screen by Lo and colleagues
[7], for the first time, provides a global
view of the kinds of genes and the cellular
processes that may influence the
manifestation of this disorder. The cilium
stands out as a critical organelle in the
etiology of the disease, both through its
function in the left–right organizer as
well as through its role in the cardiac
cells themselves in the proper
morphogenesis of the heart. Moreover,
the good concordance between genes
found in this work and a related study on
congenital heart disease patients [17],
underscores the immense value of the
findings in furthering our understanding of
the pathogenesis of congenital heart
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There is increasing evidence that neuronal activity modulates how axons are wrapped in myelin. Two recent
studies demonstrate that activity-dependent vesicle release from neurons regulates myelination in vivo.Plasticity is a feature of all nervous
systems, and modulation of neuronal
function drives the reconfiguration of
neuronal signaling. Proper function of
the vertebrate nervous system is
dependent upon the elaboration of a
myelin sheath surrounding axons. Myelin
is the lipid-rich, multilayered membrane
that surrounds axons and allows for rapid
propagation of action potentials. In the
central nervous system (CNS), myelin is
formed by specialized glia called
oligodendrocytes, which derive from
a ventral domain of the neural tube
during early development and from
subventricular cells in the brain later in
development. Although much CNS
myelination occurs in early postnatal
development, myelination continues well
into adolescence and even adulthood.
Thus, oligodendrocytes must select
axons for myelination within a
well-developed nervous system [1,2].
Further adding to this complexity is the
distribution of myelin throughout the
brain; not all axons are myelinated,
and those that are do not always possess
uniform myelination along the length of a
single axon [3]. How do oligodendrocytes
choose axonal segments to myelinate
within functioning neural circuits,and can this choice reflect a form of
nervous system plasticity? Two recent
complementary studies by Mensch et al.
[4] and Hines et al. [5] demonstrate
that neuronal activity is a key determinant
in axon selection by oligodendrocytes
in the CNS.
One simple mechanism for determining
whether or not an axon will become
myelinated relies on a ligand–receptor
pair. In the peripheral nervous system
(PNS), axons presentmembrane-tethered
Neuregulin (Nrg) ligand, which binds
ErbB2/3 receptors on Schwann cells, the
myelinating glia in the PNS. Nrg–ErbB
signaling is required for multiple stages
of Schwann cell development, including
controlling the amount of myelin the cell
makes: larger calibre axons present
more Nrg ligand such that myelin is
produced in proportion to axon diameter,
a key determinant of conduction velocity
[6,7]. However, although there are
certainly ligand–receptor pairs that
influence oligodendrocyte development,
no comparable cognate mechanism
has been described in the CNS that is
absolutely required for myelination,
especially one that acts as an instructive
cue in proportion to axon diameter.
Instead, known ligand–receptor pairsmediating CNS myelination have
inhibitory roles or paradoxical,
complex roles at different stages of
oligodendrocyte myelination [2]. The
necessity for inhibitory cues may be due,
in part, to an oligodendrocyte’s capacity
to indiscriminately myelinate in the
absence of instructive cues. In fact,
oligodendrocytes can myelinate inert
objects in vitro, such as nanofibres
and micropillars [8,9].
Thus, an instructive cue for the
myelination of select axonal segments
within a CNS circuit remained to be
identified. What feature(s) of active,
signaling neurons drives them to be
myelinated? To address this question,
Mensch et al. [4] and Hines et al. [5]
turned to zebrafish. Collectively,
their data support a model in which
activity modulates two phases of
CNS myelination: specification of
oligodendrocyte progenitor cells (OPCs),
as well as stabilization of nascent myelin
sheaths (Figure 1). Importantly, they find
that exocytic activity from neurons,
specifically synaptic vesicle release,
acts as a cue.
That neuronal activity might influence
myelination was proposed over 50 years
ago, as dark-reared mice possess fewer
